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Operating Method for Wind Energy System having a Super-synchronous Cascade 



SPECIFICATION 



The invention relates to a wind energy system having a rotor that can be driven by the wind, 
preferably having one or more rotor blades that can be adjusted in angle, a generator directly or 
indirectly connected with the rotor, to generate electric energy, which is configured as an 
asynchronous generator having a super-synchronous converter cascade in the rotor circuit, for slip- 
variable generator operation, so that power output of the generator is possible at different speeds of 
rotation of the rotor, and an operation guide system that is configured to regulate the speed of 
rotation of the rotor, within a predetermined wind speed range, preferably with adjustment of the 
rotor blade angles. 

Furthermore, the invention relates to a method for regulating the power output of a wind energy 
system, in that the slip is regulated. 



A system of this type is known from the older application of the applicant, DE 101 17212.5. 



Such wind energy systems, which work at a variable speed of rotation of the rotor and variable rotor 
blade angles, produce more electric energy than systems that work at a single, fixed speed of rotation 
of the rotor and fixed, predetermined rotor blade angles. Usually, work at a variable speed of 
rotation takes place in the range of very low wind speeds, whereby the rotor blades assume a large 
angle relative to the incident wind, which is only slightly less than 90 degrees. This rotor blade angle 

- 1 - 



f 

.»> " 

is not changed, at first, with an increasing wind speed, until the wind speed is sufficient to turn the 
rotor at the rated speed of rotation, whereby the wind energy system puts out its rated output. The 
power output therefore increases, proceeding from a very small output at a minimum wind speed, 
along with the speed of rotation of the rotor, until the rated power is reached. If the wind speed 
increases further, the rated power and the rated speed of rotation are now kept constant, as much as 
possible, until the wind speed increases above a shut-off speed. Here, the wind energy system is shut 
off, in that the rotor blades are turned completely in the wind direction, so that the rotor blade angles 
relative to the wind direction amount to approximately zero degrees. In this way, the rotor is braked. 
Shut-off at very high wind speeds is necessary because the stress on the wind energy system in 
operation under very strong winds, particularly gusts, can become so great that damage can occur. 

With an increasing power and number of such wind energy systems, equalization of short-term 
power variations in the utilities poses greater and greater difficulties. For this reason, the demands 
on the quality of the current that is supplied are constantly increasing. 

For this purpose, suitable controls for asynchronous generators have been developed. Such an 
asynchronous generator achieves a variable slip of up to 10%, which means that the rotor and the 
generator permit a variation of 10% in the speed of rotation during gusts, by means of suitable 
computer control. In the case of strong winds, the generator constantly holds the electricity 
generation at the rated power. The elasticity in the system minimizes the stress on the vital 
components of the wind energy system, and improves the quality of the current that is being fed into 
the power network. 



- 2 - 



In the case of this known method of operation of the wind power system having a rotary current 
generator, the adaptation of the speed of rotation for uniform supply to the network in the case of 
gusty winds is implemented by means of a changeable slip, with a pulse-controlled resistor in the 
rotor circuit. The rotor slip power remains unused and is converted into heat. 

Another known concept is the super-synchronous cascade for an asynchronous generator having slip 
rings. In this connection, the rectified slip power is fed into the network by way of a network-guided 
inverter. Disadvantages in this application are strong pendulum moments of the current oscillations 
that are produced in the generator, a great need for reactive power, and possible commutation failure 
of the inverter. 

Another method of a cascade, known from US-A-6,137,187, is regulation of the rotor currents with 
a voltage intermediate circuit converter, according to a field-oriented method for a dual-fed rotary 
current generator, for utilization of a supra-synchronous and a super-synchronous range of the speed 
of rotation. The field-oriented regulation methods of the dual-fed asynchronous generator are 
problematic in the case of short voltage collapses in the network, and in case of network short- 
circuit. 

It is the task of the invention to propose a wind energy system that makes available a better quality 
of the current that is supplied, as well as a method for the operation of such a system. The method 
for operation of the wind power system is supposed to work in robust and cost-effective manner and, 
in particular, to be able to be used in networks that are susceptible to breakdowns. In particular, it 



is another task of the invention to indicate a method that allows efficient production of electric 
energy even with weak winds. 

The device task is accomplished, in the case of a system of the type stated, in that the super- 
synchronous rectifier cascade is configured in the rotor circuit for feeding the slip power into the 
network. The slip power is therefore fed into the network, according to the invention. The operation 
of the wind power system becomes more efficient as a result. 

This is advantageously achieved in that the super-synchronous rectifier cascade has a DC voltage 
intermediate circuit that is configured as a high-set element. 

In this connection, it is advantageously provided that the high-set element is configured to switch 
at a frequency that is a multiple of the network frequency, preferably in the range between a lOx 
multiple to a lOOx multiple. 

The high-set element can have pulse-width modulation or be configured of IGBT switches having 
a variable frequency. A pulse-width modulation of the IGBT switches that is controlled as a function 
of the rotor currents, rotor frequency, or rotor voltages controls an intermediate circuit voltage for 
the network-side pulse converter, which intermediate circuit voltage is adapted to the network 
voltage. 

To prevent current harmonics of the rotor currents, it is advantageous if the IGBT switches are 
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cycled, advantageously at a variable high switching frequency and a 180 degree phase shift, in order 
to make up for the slip-dependent ripple of the rectified rotor voltage. 

It is advantageously provided that the stator is configured to short-circuit at a low wind speed limit, 
preferably by way of a three-phase slip resistor, and to cut itself off from the network. The generator 
can then still supply power to the network even at low wind speeds, as a simple asynchronous 
generator. 

In the case of a method of the type stated, the task is accomplished in that the slip power is fed into 
the network. 

In this connection, the rotor voltage of the generator, which is dependent on the speed of rotation and 
has been rectified, is raised to the level of the network voltage with the high-set elements. 

An advantageous embodiment of the method is if the power output of the rectifier cascade into the 
network is controlled by means of pulse-width modulation. 

An advantageous contribution to the quality of the network can be made if the feed of the 
intermediate circuit power into the network is adapted to the reactive power demand of the network. 

It is advantageously provided that switching of the intermediate circuit current by means of the two 
high-set elements takes place at a 1 80 degree phase offset relative to one another, preferably pulse- 
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width-modulated and/or with variable frequency, in order to minimize feedback effects of current 
harmonics on the generator, resulting from the ripple of the rectified, slip-dependent rotor voltage 

u zs . 

The energy yield can advantageously be increased in that the rotary current generator is operated in 
normal operation at normal wind conditions, with the super-synchronous cascade with the high-set 
element, and is switched over to a simple asynchronous machine at low wind, by cutting its stator 
off from the power network and short-circuiting the stator by way of a three-phase slip resistor, and 
operated as such. 

This is particularly true if the asynchronous generator is operated with the capacitors, in self-starting 
manner, and feeds its electric energy into the intermediate circuit capacitors in frequency- variable 
manner, as a function of the rotor revolutions, by way of the rectifier and the high-set element, and 
the pulse converter feeds the generated energy into the power network. 

It is particularly advantageous if the generator is synchronized with the stator and connected with 
the p ower n etwork, ass oon a s t he m echanical p ower e xceeds t he e lectric p ower o f t he p ulse 
converter, and the super-synchronous slip power is fed into the network with the cascade array. 

Finally, it is possible to do without special resistors, in that at least one cable of the generator, which 
is preferably disposed on a gondola, is passed to a wiring cabinet in a foot of the tower, and act as 
a slip resistor. 
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Additional advantages and details of the invention are evident from the following description of an 
exemplary embodiment, using the drawings. These show: 

Figure 1 : a schematic representation of a wind energy system according to the invention, which 
is suitable for implementing the method according to the invention; 

Figure 2: a diagram showing a standardized representation of the power being produced, as a 
function of the speed of rotation; and 

Figure 3: a schematic representation of a variant, according to the invention, of a wind energy 
system that is suitable for implementing the method according to the invention. 

The wind energy system according to the invention that is shown has a mast 1 that is anchored in the 
ground and a rotor 2 having three rotor blades that are mounted at the top of the mast 1 . The rotor 
blade angles are configured to be adjustable relative to their longitudinal axis. The rotor 2 is 
mechanically connected with an electric asynchronous generator 3, by way of a gear mechanism. 
The stator 4 of the generator 3 is electrically connected with the network 8. In this connection, the 
network frequency and the frequency generated in the stator are synchronized with one another. The 
rotor 5 of the generator 3 is connected with the converter array 6 by way of the lines, which array in 
turn is connected with the lines between the stator 4 and the network 8. The slip power generated 
by the generator is fed into the network with the converter array 6. The slip power of the rotor and 
therefore the speed of rotation are controlled variably. The power to be fed into the network 8 by 
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the generator 3 with low variations is achieved by an operation guide system that is not shown but 
is familiar to a person skilled in the art, which regulates the speed of rotation of the rotor and the 
rotor blade angle. The stator 4 of the rotary current generator 3 can be electrically connected either 
with the power network 8, by way of a first switch 13 or, alternatively, with a short-circuited coil, 
by way of a three-phase slip resistor 14 and a second switch 15. In the present wiring diagram, this 
stator short-circuit is provided with the reference symbol 16. 

The rotor 5 is electrically connected with a converter 6, which in turn can be connected with or cut 
off from the power network 8 by way of a third switch 7. 

The converter 6 consists of a rectifier 9, the pulse inverter 10, as well as the high-set element 11, 
which are electrically connected with one another by way of a DC voltage intermediate circuit 11'. 
Various operating states of the converter 6 are produced by means of two control devices 1 2 and 1 2 ' 
for the frequency control and voltage control of both the pulse inverter 10 and the high-set element 
11. 

According to the invention, the use of the super-synchronous cascade for the rotary current generator 
3 of the wind power system is carried out with two high-set elements 1 la and 1 lb (boost converters) 
in the voltage intermediate circuit 11'. The voltages of the rotor 5 are converted into a slip- 
dependent DC voltage by way of a three-phase uncontrolled rectifier 9. The smoothed DC voltage 
U zs is set high to a voltage U z by way of two inductors and two IGBT switches. The IGBT switches 
1 la and 1 lb charge the inductors L up to a voltage UL, the diodes D block, in each instance. After 



a pre-determinable current has been reached, the IGBT switches 11a and lib are opened and a 
voltage UZ is forced at the inductor L, with which the intermediate circuit capacitors K are charged. 
A 6-pulse converter 10 cycles the intermediate circuit energy into the power network, with low 
harmonics, by way of a network filter F. 

To avoid current harmonics of the rotary currents, the IGBT switches 1 la and 1 lb are cycled with 
a phase shift of 1 80 degrees, at a variably high switching frequency, in order to make up for the slip- 
dependent ripple of the rectified rotor voltage U zs . A pulse-width modulation of the IGBT switches 
that is controlled as a function of the rotor currents, rotor frequency, and rotor voltages, by means 
of the control device 12', controls an intermediate circuit voltage U z for the pulse converter 10 on 
the network side. 

The super-synchronous cascade is therefore configured with two 180 degree phase-shifted high-set 
elements 1 la and 1 lb in the voltage intermediate circuit 11', which set the rectified rotor voltage to 
a higher intermediate circuit voltage U z , which is fed into the power network 8 by way of a pulse 
converter 10 and by way of a network filter F. 

Under normal wind conditions, the rotary current generator 3 is operated in normal operation, with 
the super-synchronous cascade with the high-set element 11, and at low wind, it is converted to a 
simple asynchronous machine and operated as such, by means of cutting its stator 4 off from the 
power network 8 and short-circuiting it by way of a three-phase slip resistor 14. 
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This asynchronous generator is operated with the capacitors K\ in self-starting manner, and feeds 
its electric energy, by way of the six-pulse uncontrolled rectifier 9 and the subsequent high-set 
element 11, into the between circuit capacitors K, the pulse converter 10 feeds the generated energy 
into the power network 8. The control device 12 controls the high-set element 1 1 under pulse-width 
control and with variable frequency, in such a manner that ripple of the generator voltage that is 
dependent on the speed of rotation raises to an intermediate circuit voltage U z adapted to the 
network. The intermediate circuit energy is fed into the network by way of the pulse converter 10, 
with the control device 12, in sine shape. 

In this connection, it is advantageous if the asynchronous generator is operated at low iron losses. 
Using this method, production of electric energy takes place at a better degree of effectiveness at low 
wind speeds, as compared with a rotary current generator whose stator 4 is connected with the 
network 8. If the mechanical power exceeds the electric power of the pulse converter 10, the 
generator is connected with the power network 8, synchronized with the stator 4, and the super- 
synchronous slip power is fed into the network with the cascade array. 

In the diagram of Figure 2, a speed of rotation n, standardized to a rated speed of rotation nN, is 
plotted on the abscissa. It makes no difference whether this is the speed of rotation of the propeller 
2 or that of the rotor 5, because these two speeds of rotation differ at most by a constant factor, which 
can be caused by a rigid translation gear mechanism that might be switched in between. However, 
the constant factor is eliminated by means of the standardization of the scale of the abscissa to the 
rated speed of rotation. 
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An electric power P of the rotary current generator 3, standardized to a rated power PN, is plotted 
on the ordinate of the diagram according to Figure 2; this is the power that the generator can give 
off to the power network 8. The power curve of the diagram consists of four segments 17, 18, 19, 
20, which can be well differentiated. 

If t he w ind i s s ufficiently s trong, the w ind e nergy s ystem i s o perated i n s egment 17. I n t his 
connection, the speed of rotation nN required to generate the rated power PN is exceeded. By 
adjusting the angle of attack of the propeller blades 2, the actual speed of rotation n is adapted to the 
wind intensity, and in this connection, the power P that is given off to the power network 8 is kept 
constant at the rated power PN, by means of appropriate control of the converter 6, by means of the 
control device 12, 12'. The rotary current generator 3 is operated in normal operation in this range, 
by way of the converter array 6, in super-synchronous cascade operation. The normal operating state 
is indicated with DASM in Figure 2. 

If the wind becomes weaker, the speed of rotation nN that is required to generate the rated power PN 
can no longer be maintained. In the range 18 of the power curve, the power P actually given off 
therefore drops below the rated power PN, specifically approximately proportional to the decreasing 
speed of rotation n, until a minimal speed of rotation is reached, at which the wind energy system 
can still be efficiently operated in the normal operating state DASM. If the wind becomes even 
weaker, a wind energy system would have to be shut down without the operating method according 
to the invention. 
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However, the invention permits continued operation of the wind energy system at very weak wind, 
by means of switching to the operating state ASM, in which the rotary current generator 3 is operated 
as an asynchronous machine, and the converter 6 is operated as a full converter. In this connection, 
the stator 4 is cut off from the power network 8 by opening the first switch 13, and short-circuited 
byway of the slip resistor 14, by closing the second switch 15. This prevents the iron losses of the 
stator 4 at the power network 8 from outweighing the electric energy simultaneously generated by 
the generator. 

As can be seen in the diagram of Figure 2, the segment 20 of the power curve again decreases 
approximately proportional to the speed of rotation, but with a flatter incline as in segment 1 8. This 
operating state ASM allows efficient energy feed into the power network 8 when the third switch 7 
is closed, even at very low speeds of rotation n, which are achieved at very low wind speeds. In 
segment 20 of the power curve, the wind energy system being operated according to the invention 
can therefore produce additional energy, which cannot be produced by a system operated in a 
conventional manner. 

This energy difference, which would be lost in the case of a conventional wind energy system, can 
become enormous under some circumstances. The amount of the difference is essentially dependent 
on the wind conditions at the location of the system. The greater the time periods with weak wind 
conditions, the greater the additional energy gained. 

The ranges of speed of rotation of the two operating states ASM and DASM intersect, in Figure 2, 
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in the switch-over range 21 indicated with a broken line. In this connection, the switch-over point 
can lie at slightly higher or slightly lower speeds of rotation n, depending on the control algorithm 
used. The related electric power P can also be different, accordingly. The third segment 19 of the 
power curve therefore does not represent the actual progression, but is merely to be understood as 
a schematic representation of the transition. 



Figure 3 shows an alternative embodiment of the wind energy system according to the invention, in 
which the uncontrolled rectifier 9 in Figure 1 is replaced with a self-guided pulse converter 10", and 
no high-set element is present in the intermediate circuit IT. Here again, like in the case of the 
rotary current generator 3 having a super-synchronous cascade, the controlled slip power is fed into 
the power network by way of a self-guided pulse converter 10. To regulate out sine-shaped rotor 
currents, the pulse converter 10" is provided for feed of the slip power into the DC voltage 
intermediate circuit, from which the slip power is fed into the power network 8, by means of a 
second pulse converter 10. The control devices 12" and 12, which are connected with the current 
sensors S" and S, serve to control the pulse converters 10" and 10. 
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ASM operation as an asynchronous machine / full converter operation 
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DASM operation as a dual-fed asynchronous machine / normal operation 
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